A macromolecular complex composed of xyloglucan and cellulose was isolated from elongating regions of stems of etiolated pea (Pisum sativum L. var Alaska) seedlings and binding of a xyloglucan-specific antibody was examined after treatment of the complex with endo-1,4-/?-glucanase or 24% KOH. The antibody bound to the complex but the extent of binding was reduced after treatment of the complex with endo-l,4-/?-glucanase and was hardly detectable after treatment with 24% KOH. The molecular weight of the xyloglucan that remained (5%) in the /?-glucanase-treated complexes was less than 9,200. Pea xyloglucan was allowed to bind to enzymeand alkali-treated complexes to generaly reconstituted complexes. The amount of the antibody that bound to each type of reconstituted complex was similar but was much lower than that bound to the native complex. Immunogold labeling indicated that most of the antigen was widely distributed between microfibrils in the native complex, whereas the antigen appeared to be confined to the microfibrils in the reconstituted complexes. These findings suggest that a part of each xyloglucan molecule is strongly associated with cellulose microfibrils while the rest is free of the microfibrils in the native complex.
The wall of growing plant cell has generally been accepted to act as a macromolecular complex (Albersheim 1975) . Xyloglucans in the primary wall contain a (1 -»• 4)-/?-glucan backbone with (1 -*• 6)-linked a-xylosyl residues along the backbone, and they are closely associated with cellulose microfibrils as part of the macromolecular complex. The polysaccharides in the macromolecular complex have been visualized by light microscopy after iodine staining, by radioautography after labeling with [ 3 H]fucose, by fluorescence microscopy after staining with a fluorescein-labeled lectin (fucose-binding lectin from Ulex europaeus) as a probe, and by electron microscopy after shadowing . The findings from such analyses suggest that xyloglucans are located both on and between cellulose microfibrils in a macromolecular complex that is composed of xyloglucan and cellulose. More-1 This work was supported in part by a grant from the Yamada Science Foundation. 4 To whom all correspondence should be addressed. over, 1,4-/?-glucans must share certain macromolecular organization.
The native xyloglucan:cellulose complex (cell wall ghosts) contains 14-fold higher levels of xyloglucan than the reconstituted complex (Hayashi and Maclachlan 1984, Hayashi et al. 1987 ). In reconstitution experiments, 100 fig of pea cellulose were saturated with a mere 5 fig of xyloglucan, while 70 fig of xyloglucan were embedded in 100 fig of pea cellulose in the native complex. Therefore, it was proposed that xyloglucan is partially interwoven among the amorphous parts of cellulose microfibrils rather than bound to the surface of the microfibrils. Such organization might perhaps explain why concentrated alkali, which causes swelling of microfibrils, is required for the extraction of xyloglucan. Mild alkali, which does not cause swelling, also fails to dissociate the complex even though it does prevent the association of xyloglucan and cellulose. Natural association may occur close to or directly at the site of cellulose synthesis because xyloglucan is localized on the inner layer of the primary walls (Moore and Staehelin 439 at Penn State University (Paterno Lib) on October 4, 2012 http://pcp.oxfordjournals.org/ Downloaded from 1988), where both the formation and the organization of cellulose occurs (Delmer 1987) .
This report describes the localization of xyloglucan in the native macromolecular complex that is composed of xyloglucan and cellulose by an analysis of the binding of a xyloglucan-specific antibody.
Materials and Methods
Materials-Microcrystalline cellulose (Avicel; Tokyo Kasei Co., Japan), dextrans as molecular weight markers (with molecular weights of 503,000, 39,100 and 8,800), bovine serum albumin (BSA) and ovalbumin were obtained from Sigma (St. Louis, MO, U.S.A.), and ProteinASepharose was from Pharmacia (Uppsala, Sweden). Electron-micrographic-grade-5-nm gold-conjugated goat antibodies against rabbit IgG for use as second antibody were obtained from Zymed Laboratories (U.S.A.). A preparation of endo-l,4-/?-glucanase from Streptomyces griseus (QM 814) was generously provided by Dr. M. Mandels (US Army Laboratories, Natick, MA, U.S.A.). Xyloglucans and xyloglucan oligosaccharides were from the authors' laboratory stocks.
Seeds of Pisum sativum L. var. Alaska were soaked for 20 min in 5% NaOCl, washed, allowed to imbibe water for 8 h and planted in moistened vermiculite. Seedlings were grown in darkness at room temperature for 1 week.
Isolation of the xyloglucan : cellulose complex-The apical 10 mm of the third internode (elongating region) of pea epicotyls were extracted three times with 70% ethanol for 30 min. Segments were ground in a mortar with 0.1 M Tris-HCl (pH 7.0) and solids were pelleted by centrifugation. The insoluble material was extracted three times with 0.1 M EDTA (pH 7.0) at 85°C and 5 times with 4% KOH/ 0.1% NaBH 4 in an ultrasonic bath, below 30°C, for 3 h in order to remove most of the polymeric material while retaining most of the xyloglucan and cellulose microfibrils. This wall residue was neutralized with 2 M acetic acid, washed 10 times with water and freeze-dried. The residue retained chains of recognizable cell shape, that contained xyloglucan and cellulose alone (98.1 % of the total carbohydrate content).
For treatment of the xyloglucan : cellulose complex with alkali, 10.0 mg of the complex were sonicated with 2 ml of 24% KOH/0.1% NaBH 4 in an ultrasonic bath, at 25 to 30°C, for 3 h. The suspension was centrifuged and the pellet was suspended in the same solvent, sonicated again and centrifuged. The pelleted material was neutralized with 2 M acetic acid, washed 10 times with water and freezedried.
For enzymatic hydrolysis, 10.0 mg of xyloglucan : cellulose complex were incubated with 1 mg of the preparation of endo-l,4-/?-glucanase from Streptomyces griseus in 2 ml of 20 mM sodium acetate buffer (pH 5.0) that contained 0.01% NaN 3 , at 40°C, for one week. The mixture was then centrifuged and the pellet were washed twice with 1 ml of 0.1 M KOH with centrifugation. The pelleted residue was neutralized with 2 M acetic acid, washed 5 times with water and freeze-dried.
For binding of xyloglucan to the alkali-or endoglucanase-treated xyloglucan : cellulose complex (Hayashi et al. 1987) , 5.0 mg of the complex were incubated with 1.0 mg of pea xyloglucan in 2 ml of 10 mM sodium acetate (pH 5.0), at 40°C, for 12 h. The insoluble material was collected and washed 5 times by centrifugation with 10 mM sodium acetate buffer (pH 5.0) and twice with water.
Preparation of xyloglucan-specific antibody-A rabbit was immunized with an emulsion of xyloglucan heptasaccharide (glucose/xylose, 4 : 3) conjugated with bovine serum albumin and Freund's complete adjuvant (Sone et al. 1989) . IgG was purified by chromatography on a column of Protein A-Sepharose CL-4B, and antibodies against BSA were removed by passage through a BSASepharose 4B immunoadsorbent column. Antibodies specific for xyloglucan heptasaccharide were stored in phosphate-buffered saline (10 mM sodium phosphate; 0.9% NaCl; pH 7.0) at -85°C. Preimmune serum collected before the first injection of antigen was treated and stored in a similar manner.
Labeling with antibody-One mg of xyloglucan : cellulose complex was incubated in a blocking solution of 1% (w/v) ovalbumin in phosphate-buffered saline (pH 7.0), for 60 min and then incubated with 2 ml of phosphate-buffered saline (pH 7.0) that contained 300 ng of xyloglucan-specific antibody and 0.05% Tween 20 for 60 min at 25°C. The complex was washed 5 times with 2 ml of phosphate-buffered saline (pH 7.0) that contained 0.05% Tween 20 by centrifugation.
For the quantitation of the xyloglucan-specific antibody bound to the xyloglucan : cellulose complex, the complex was extracted with 500/il of 0.1 M NaOH, and the amount of protein was determined by a semi-microversion of Lowry's method (Mega and Dray 1965) .
For electron microscopy (Baba et al. 1991) , the xyloglucan : cellulose complex after treatment with the xyloglucan-specific antibody was incubated with gold-conjugated second antibody in phosphate-buffered saline (pH 7.0) that contained 0.05% Tween 20, for 60 min, at 25°C. Then the sample was washed four times with 2 ml of phosphate-buffered saline (pH 7.0) that contained 0.05% Tween 20 and twice with distilled water, with centrifugation. The sample was mounted with water on nickel grids supported by polyvinylformal film and air-dried. Then uranyl acetate dissolved in 50% ethanol was dropped on the grids and immediately removed with filter paper. The grids were air-dried and observed under a transmission electron microscope (JEM-2000EX II; JEOL, Tokyo, Japan).
Quantitative analysis of gold particles-Statistical analysis was carried out using data from micrographs of networks of single-layered cellulose microfibrils that had been selected randomly from negatively stained samples of xyloglucan: cellulose complexes. The micrographs were clear enough to allow each microfibril to be discerned. To count the number of gold particles on the microfibril network, about 10 micrographs of networks with heavy labeling were chosen for each analysis. Gold particles located on fibrils were defined as "on microfibrils", those between fibrils as "between microfibrils" and those out of the fibrils as "out of microfibrils". General methods-Carbohydrate was determined by the phenol/sulfuric acid method (Dubois et al. 1956 ), and xyloglucan was determined by the iodine/sodium sulfate method (Kooiman 1960) . The amount of xyloglucan remaining in complexes that had been pretreated with endo-1,4-/?-glucanase was calculated from the amount of xylose in the complex after acid hydrolysis with 2 M trifluoroacetic acid at 120°C for 1 h. Xylose was quantitated by liquid chromatography on a Dionex system (Dionex Co., U.S.A.) with using a CarboPac PA1 column (4 mm i.d. x 250 mm) with a pulsed amperometric detector. Gel filtration of carbohydrate was also performed on the same chromatographic system with TSK gel G5000PWXL (7.5 mm i.d. x 300 mm) and G3000PWXL (7.5 mm i.d. x 300 mm) columns and a pulsed amperometric detector.
Results
Properties of the xyloglucan-specific antibody-The antiserum raised by immunizing a rabbit with the xyloglucan heptasaccharide-BSA conjugate (glucose/xylose, 4 : 3) was partially purified passage through a BSA-Sepharose immunoadsorbent column (Sone et al. 1989 ). The antibody specific to the heptasaccharide was shown to interact with pea xyloglucan and amyloid xyloglucan. Heptasaccharide-BSA, octasaccharide-BSA (glucose/xylose/galactose, 4 : 3 : 1) and nonasaccharide-BSA (glucose/xylose/galactose, 4 : 3 : 2) conjugates precipitated 18.8, 9.9 and 2.4 fig of pro Heptasaccharide was the most potent inhibitor, with 0.5 nmol giving 50% inhibition, and 0.8 nmol of the octa-or nonasaccharides gave 50% inhibition (Sone et al. 1989 ). In addition, 50 nmol of methyl 6-Oa-D-xylopyranosyl-/?-D-glucopyranoside and 400 nmol of cellobiose were required for 50% inhibition of the precipitation reaction, the result that indicates that these disaccharides are included in the antigenic determinant. The inhibition tests indicate that the antibody recognized the a-
Capacity for binding of the xyloglucan-specific antibody-With the xyloglucan-specific antibody, as primary antibody, immunogold labeling was abundant on and between cellulose microfibrils in the native complex composed of xyloglucan and cellulose (Fig. 1A) . There was no significant labeling with the preimmune serum (data not shown). However, the extent of immunogold labeling was much lower in the endoglucanase-treated complex (Fig. IB) and labeling was hardly detectable in the alkali-treated complex (Fig. 1C) . Because xyloglucan was almost completely removed by each of the treatments, much less antibody Fig. 1 Immunogold labeling of xyloglucan in complexes after negative staining.
A, Native complex; B, endo-1,4-yS-glucanase-treated complex; C, alkali-treated complex. The bar represents 200 nm. Table 1 . Some (5%) of the xyloglucan fragments remaining in the endoglucanse-treated complex might be closely associated ml Fig. 2 Gel filtration of xyloglucan extracted with 24% KOH/ 0.1% NaBH 4 from the complex before (A) and after (B) treatment with endo-1,4-/?-glucanase from S. griseus. Molecular weights of dextran markers: 1, 503,000; 2, 39, 100; 3, 8, 800; 4, Glucose. with the cellulose microfibrils and barely be able to react with the antibody. Gel filtration of the associated xyloglucan after treatment with 24% KOH indicated that the average molecular weight had been markedly reduced from 300,000 to 9,200 (Fig. 2 ). There were also some oligosaccharides with molecular weights below 9,200.
Exogenously supplied xyloglucan bound to both enzyme-and alkali-treated complexes and the amount of xyloglucan-specific antibody that bound to reconstituted complexes increased by the same extent in both cases (Table 1) . However, not only the amount of xyloglucan, but also the amount of antibody that bound to the reconstituted complexes was much lower than that in the case of the native complex. This result agrees with the earlier observation (Hayashi and Maclachlan 1984, Hayashi et al. 1987 ) that the native xyloglucan : cellulose complex contains 14-fold higher levels of xyloglucan than those in the reconstituted complex. In addition, the amount of xyloglucan in the reconstituted complex that had been treated initially with endoglucanase was higher than that in the reconstituted complex that had been treated initially with alkali. The diameters of the microfibrils in the endoglucanase-treated complex may have been thinner than those in the alkalitreated complex. Alternatively, some xyloglucan molecules may have remained interwoven into the amorphous parts of the cellulose microfibrils.
Immunolocalization of xyloglucan- Figure 3 shows the immunolabeling pattern obtained with xyloglucan-specific antibodies over the native (Fig. 3A) and the reconstituted (Fig. 3B) complexes. Note that the cellulose microfibrils of the native complex were thin and positively stained but those of the reconstituted complex formed larger bundles. The widths of fiber in the native and reconstituted complexes were determined to be 3 and 10 nm, respectively, in agreement with the earlier observation that fibrils of pea cellulose in elongating stems are about 10 nm in diameter after treatment with 24% KOH but only 3.2 nm diameter in the native fibers, which contain about 36 chains (Hayashi et al. 1987) . The diameter of gold particles was A quantitative analysis of the distribution of the immunogold label showed that 70% of the labeling was between the microfibrils and 25% was on the microfibrils in the native complex. However, in the reconstituted complex, more than 90% of the labeling was confined to the microfibrils and only 8% was out of the microfibrils. Although there are severe problems with resolution by 5 nm gold particles, the particles have been distributed and recognized as either on microfibrils, between microfibrils or out of microfibrils (Fig. 3) . Only a few percent of the labeling was observed out of the microfibrils in each complex. Note that the labeling counted as between microfibrils derived partly from that between microfibrils and partly from those between perpendicular microfibrils because the orientation of the microfibrils in the complex had been disrupted during sample preparation.
Discussion
Our results suggest the possibility that each individual xyloglucan molecule is not only partly embedded in but is also partly free between microfibrils. Thus, the molecules can, potentially, cross-link the cellulose microfibrils. These cross-links had been visualized three-dimensionally in onion cell walls at high resolution, in shadowed replicas of rapidly frozen, deep-etched specimens (McCann et al. 1990 ). When auxin-induced endo-l,4-/?-glucanase hydrolyzes the cross-linking xyloglucans, the network of cellulose microfibrils might become loosened . Endoxyloglucan transferase may also contribute to the loosening of the network of cross-linking xyloglucans (Nishitani and Tominaga 1992) . Cellulose microfibrils in the primary walls of growing pea epicotyl cells are oriented primarily in a transverse direction on the inner surfaces of walls. Some of the microfibrils change direction to generate longitudinally oriented "ribs" on the outer surface. Thus, cross-linking between perpendicular fibrils may function as a bracket, and that between parallel fibrils as a beam (Hayashi 1989) .
The amount of xyloglucan interwoven among microfibrils may be account for the xyloglucan fragments that remain in the complex after treatment with endoglucanase (Table 1 and Fig. 2) . With an average molecular weight of 9,200, the fragments contain a backbone of about 30 contiguous 1,4-linked glucose units, which represent a straightchain length of 15 nm (Ogawa et al. 1990 ). This value is about twice the diameter of cellulose microfibrils, and oligosaccharides with molecular weights below 9,200 may be derived from strongly associated xyloglucans that are embedded in the fibrils. Fragments and their ends might be tightly bound to the surfaces of microfibrils and, thus, immunogold perticles were closely associated with microfibrils in the complexes after endoglucanase treatment (Fig. IB) .
Cellulose microfibrils in the native complex were much thinner than those in the reconstituted complex that had been treated initially with alkali ( Figs. 1 and 3) . Each microfibril may be able to slide over others during enlargement of cells since xyloglucans prevent hydrogen bonding between microfibrils. During the biogenesis of cellulose, xyloglucans probably control the size of microfibrils to prevent their fasciation. Indeed, pea xyloglucan interfered with the ribbon-like assembly of cellulose microfibrils produced by Acetobacter xylinum (Hayashi et al. 1987) . Xyloglucan may be associated with the subunits of the ribbon and prevent fasciation into larger bundles. This association may also stimulate the rate of cellulose synthesis, as seen in a system deviced from A. xylinum in the presence of Calcofluor and carboxymethylcellulose (Haigler and Benziman 1982) , the result is not only the spreading of the fiber network that includes xyloglucan, but also the development of the flexibility necessary for sliding of microfibrils.
